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An EcoRI fragment from Eugfena gracilis chloroplast DNA, called Eco.1 (4.9 kbp), contains the gene for 
the ‘32-kDa’ thylakoid membrane protein of Photosystem II (psbA gene), the tRNAy gene and additional 
sequences which possibly code for two proteins of unknown function. The transcription polarity is the same 
for all these coding sequences. The psbA gene is split: 4 introns (size range, 433-616 bp) separate 5 exons 
(size range, 39-579 bp) which code for a protein of M, 38380 (345 amino acids). The Euglena protein is 
about 87% homologous with the higher plant counterparts but it contains 5 lysine residues. 
Euglena gracilis Chloroplast genome psbA trnL 
1. INTRODUCTION 
We have shown [l] that fragment Eco.1 of the 
chloroplast genome of Euglena gracilis contains 
the p&A gene, which codes for the 32-kDa mem- 
brane protein of Photosystem II. This protein 
seems to be involved in the electron flow of 
Photosystem II [2] and in the binding of the urea 
and triazine herbicides [3,4]. We noticed that the 
Eco . I fragment, or at least parts of it, are 
transcribed at all stages of chloroplast develop- 
ment , and we observed, in ‘Northern’ type 
hybridization experiments, that Eco.1 interacts 
with two major (14 S, 17 S) and several minor but 
larger (> 17 S) transcription products. These 
observations suggested that Eco.1 may contain, in 
addition to thep.sbA gene, other genes and that the 
transcription products of these genes may undergo 
several defined processing steps including splicing. 
Split protein-coding genes have not been found so 
far in chloroplast genomes of higher plants, but 
Eugfena chloroplast DNA contains split rbcL [5,6] 
and t&4 [7] genes. Furthermore, it was shown 
that Eco.1 contains the trnL2 gene [8], coding for 
tRNAp. Very recently, it was reported that the 
Euglena psbA gene is transcribed into a large 
precursor (3.1 kb), which undergoes several pro- 
cessing steps including splicing, yielding finally a 
I.ZkDa mature mRNA [9] probably identical to 
the 14 S RNA described in our studies, which 
directs the in vitro synthesis of the 32-kDa protein 
HI. 
To determine the structure of the Euglena psbA 
gene and its exact position relative to the trnL2 
gene, it was necessary to sequence the entire Eco.1 
fragment. The psbA genes from several higher 
plants, including spinach, Nicotiana debneyi [lo], 
soybean [l 11, Amaranthus hybridus [12] and 
mustard [ 131, and from the alga Chlamydomonas 
reinhardii [ 141 have been sequenced. It became evi- 
dent that the corresponding gene product (the 
32-kDa protein) has a highly conserved amino acid 
composition. 
We report here the nucleotide sequence of the 
entire Eco.1 fragment which, in addition to the 
psbA and trnL2 genes, contains sequences coding 
for two proteins of unknown function. 
2. MATERIALS AND METHODS 
Eugfena chloroplast DNA restriction fragment 
Eco.1 (4.9 kbp) was inserted into the EcoRI site of 
pBR322. For large-scale isolation of recombinant 
plasmid DNA, we used the SDS lysis procedure 
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[15] followed by two cycles of CsCl/ethidium 
bromide density gradient centrifugations. 
DNA fragments were labeled with 32P at their 
5 ’ -ends, using T4 polynucleotide kinase and la- 
beled ends were separated either following a diges- 
tion with a second restriction enzyme or by strand 
separation [ 161. The base-specific cleavage reac- 
tions were performed according to [16]. Enzymes 
were purchased from Boehringer-Mannheim and 
used as recommended by the supplier. [T-~~P]ATP 
(3000 Ci/mmol) was obtained from Radiochemi- 
cal Center, Amersham. 
3. RESULTS AND DISCUSSION 
3.1. Arrangement of genes on DNA fragment 3.2. Analysis of the psbA gene 
Eco.I 
In fig.la, we show the relevant restriction en- 
donuclease sites on Eco.1 and in fig. lb, the overall 
arrangement of the coding regions as deduced 
from the sequencing data given in fig.2 and ex- 
plained in section 3.2. DNA fragment Eco.1 which 
was previously mapped [17] has a total length of 
4904 nucleotides. In fig. lb, one may see, from left 
to right (i) the 3 ‘-terminal part coding for 108 
amino acids of an open reading frame (URF2); (ii) 
another open reading frame (URFl), which has an 
ATG start and a TAA stop codon, coding for 132 
The nucleotide sequence of the entire Eco.1 frag- 
ment is given in fig.2. We have only shown the 
RNA-like strand and have added, where ap- 
propriate, the corresponding amino acid sequence. 
In the psbA region, we have also shown those 
amino acid residues of the soybean 32-kDa protein 
which diverge from the Euglena chloroplast pro- 
tein sequence. Using the deduced amino acid se- 
quences of the two proteins as a guideline, we were 
able to identify 5 exons consisting of 78, 28, 193, 
33 and 13 codons, and 4 introns of 433, 447, 434 
and 616 nucleotides, respectively. 
0 ! ? 
amino acids; (iii) the trnL2 gene (81 nucleotides) 
and (iv) the split p&A gene with its 5 exons and 4 
introns. The transcription polarity is the same for 
all these coding sequences. The URF2 region may 
code for the C terminal part of a 46-kDa stroma 
polypeptide, which was previously identified as 
one of the translation products obtained using 
mRNA that interact with Eco.1 in hybrid-select 
translation experiments [l]. Nothing is known 
about the possible translation product (Mr 14600) 
of URFl. The trnL2 gene (anticodon TAA) of 
Eco.1 is 55% homologous with the trnL3 gene (an- 
ticodon TAG) mapped on Eco.G and sequenced in 
[181. 
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Fig. 1. Restriction site map and gene arrangement of DNA fragment Eco.1. (a) Position of the relevant restriction sites 
and sequencing strategy. (b) Gene arrangement; URF, unidentified reading frame; the @A gene consists of 5 exons 
(EL-ET) and 4 introns (11-14). The arrow indicates polarity of transcription. 
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The translation start (exon 1) is 87 bp away from 
the 3 ‘-end of the trnL2 gene. The N-terminal part 
(78 amino acids) is only 74% homologous to the 
soybean counterpart, and this is far below the 
usual sequence homology of almost 100% found in 
higher plant 32-kDa proteins. This rather strong 
divergence raises the question of whether the 
Euglena 32-kDa protein gene actually starts at the 
first methionine residue, or at the second one 
located 38 codons downstream, which would 
reduce the size of the translation product from 
38.38 kDa to about 34 kDa, as already suggested 
in the case of the A. hybridus 32-kDa protein [ 121. 
This problem has also been studied by authors in 
[lOI, who have observed a high degree of 
homology in the nucleotide sequences between the 
two methionine codons in spinach and N. debneyi, 
and have concluded, on the basis of this sequence 
conservation, that the gene starts at the first 
methionine codon. However, studying the dipep- 
tides synthesized in an in vitro system [19], authors 
in [20] have concluded that the translation of the 
32-kDa protein in maize, tobacco and pea starts at 
the second methionine residue. Since a similar 
study has not been made in Euglena, the exact 
translation start of the 32-kDa protein from 
Euglena is not known. Between Euglena and soy- 
bean, there is only about 58% homology (22 out of 
38 amino acids) between the first two methionine 
residues, and to align the Euglena properly with 
the soybean protein amino acid sequence, we had 
to put the N-terminus of the Euglena protein one 
residue ahead of that of the soybean start codon. 
Most remarkable are the 4 codons for lysine (posi- 
tions 7, 8, 25 and 26), as no lysine codon has been 
found in any of the psbA genes of higher plants or 
of C. reinhardii. 
Exon 2 and exon 3 code for 28 and 193 amino 
acids, respectively, representing the central part of 
the 32-kDa protein. This part is very similar to the 
soybean protein (about 9Ocr/o). This region also 
contains the serine (Ser 265) which is replaced by 
glycine in the atrazine-resistant Amaranthus mu- 
tant [12] and by alanine in the Chlamydomonas 
mutant [21]. A fifth lysine is found at position 239 
instead of an arginine in soybean. It is interesting 
to note that the psbA gene of the cyanobacterium 
Anabaena also contains a lysine residue at the 
same position [22]. 
Exon 4 and exon 5 are very short (33 and 13 
codons, respectively). Sequence homology with the 
soybean protein is again very high (about 98%). 
However, the C-terminal part of the Euglena pro- 
tein is shorter, lacking the last 9 amino acids found 
in the C-terminal part from higher plants. It is im- 
portant to note that (i) exon 5, in contrast to the 
4 other exons, is terminated by a stop codon 
(TAA) and (ii) that the missing 9 amino acids were 
not found further downstream. In the case of C. 
reinhardii [14], the last 8 residues also diverge very 
strongly from those of the higher plant 32-kDa 
proteins [lo-131. 
According to this study and others [1,9] the 
transcript of the E. gracilis psbA gene must 
undergo several splicing events to become a 
translatable mRNA. Intron-exon and exon-intron 
boundaries of the Euglena rbcL gene have been 
analysed and a 5 ‘-intron consensus sequence 
5 ’ -GPyGPyG- and a 3 ’ -intron consensus equence 
-PyPyTAPuTTTTAT-3 ’ have been proposed [6]. 
From fig.2, it can be seen that the 4 introns have 
the 5 ’ -intron consensus sequence proposed, but 
the first intron has an additional A between the last 
codon of exon 1 and the consensus sequence. 
However, none of the 4 introns terminates with the 
3 ’ -intron consensus sequence proposed. Never- 
theless, lo-15 nucleotides upstream of the 3 ‘-end 
the sequence 5 ‘-TAGT (underlined twice on fig.2) 
may function as a recognition site for splicing. The 
two introns of the Eugfena tufA gene [7] do not 
contain the proposed consensus sequences, sug- 
gesting that more than one splicing mechanism 
may be operating in Euglena chloroplasts. All 4 in- 
trons are very rich in AT and contain several stop 
codons, as the introns found in the rbcL and the 
tufA genes of Euglena [6,7]. 
Recently, the amino acid sequence of the C. 
reinhardii 32-kDa protein (as deduced from se- 
quencing of the corresponding psbA gene) has 
been published [14]. This gene is also split and is 
composed of 5 exons and 4 introns. However, the 
positions of the introns do not coincide with those 
in the Euglena gene. Furthermore, the 
Chlamydomonas protein contains no lysine and is 
more homologous (about 94%) than the Euglena 
protein (87%) to the 32-kDa protein of higher 
plants. 
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NOTE ADDED IN PROOF 
A computer analysis performed by F. Michel on 
the nucleotide sequence upstream of the trnL2 
gene revealed the presence of two putative introns 
(intron 1, nucleotide 297-601 and intron 2, 
nucleotide 654-1076; fig.2). These two introns 
separate 3 exons of 98.17 and 117 codons, respec- 
tively, exon 1 (nucleotide l-296) and exon 3 
(nucleotide 1077-1426) being shortened versions 
of URF2 and URFl, respectively (fig.2). Accor- 
ding to this hypothesis, the 3 exons and the 2 in- 
trons correspond to the 3’-terminal part of a split 
gene that may code for the 46-kDa stroma 
polypeptide [ 11. 
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Fig.2. Nucleotide sequence of DNA fragment Eco.1. Only the RNA-like strand is given, along with the deduced amino 
acid sequence in the coding regions. For the psbA gene, the amino acid sequence of the soybean 32-kDa protein is 
aligned with that of the Euglena protein but only diverging amino acids are printed. The trnL2 is boxed. The 5 exons 
of psbA are underlined. The 5’- and 3’-intron boundaries are underlined with wavy lines. The black points indicate 
the 5 lysine residues and the arrow the serine residue which is replaced by glycine in an atrazine-resistant mutant of 
Amaranthus hybridus [12] and by an alanine in an atrazine-resistant mutant of Chlamydomonas [21]. The asterisks 
indicate stop codons. 
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